Abstract During the first year of life, organisms are faced with competing demands for energy between growth and storage. Most research on energy allocation in young fishes has focused on cold-temperate species which are subjected to strong seasonal fluctuations in productivity, while few studies have considered those at lower latitudes where seasonality is less pronounced. Gag (Mycteroperca microlepis) of the northeastern Gulf of Mexico settle in coastal seagrass beds in the spring as juveniles and emigrate to offshore reefs in the fall. Upon settlement, these young fish grow at remarkably fast rates, but their growth slows considerably before emigration. Slowed growth can be explained by one of three hypotheses:
Introduction
Organisms at all life stages have limited energy budgets (Glazier 1999; Kozlowski and Teriokhin 1999) and thus allocate resources among competing demands for maintenance, growth, reproduction, and storage (Perrin 1992; Reznick and Yang 1993; McManus and Travis 1998) . When energetic demands shift, there is a tradeoff: energy diverted to reproduction, for instance, is no longer available for growth. Reproduction is not the only developmental trading point for young fish. Indeed, young-of-year (YOY) fishes must balance demands for energy between growth and storage to overcome two major sources of mortality during their first year: predation and starvation. Vulnerability to gape-limited and size-dependent predators decreases with size, so selection for fast somatic growth is common among young fishes (Sogard 1997; Biro et al. 2005) . However, many species must also endure periods of low food resource availability at some point during their first year (e.g., due to seasonal declines in productivity, movement into food depauperate habitats) by relying on stored energy to avoid starvation.
One strategy used by YOY fishes to meet these competing demands is to allocate energy to growth initially and then divert that allocation, at least in part, to storage in anticipation of seasonal resource shortages (Post and Parkinson 2001) . This strategy allows fish to attain a size above that at which they are most vulnerable to predators while building reserves for future periods when food is lacking. Achieving a large size before food becomes scarce is also advantageous because per mass metabolic demands decrease with increasing size (Shuter and Post 1990; Schultz and Conover 1999) . Competing demands of growth and storage are therefore strongest for the smallest, youngest fish (Post and Parkinson 2001) . Most of the evidence for fast growth followed by increased storage comes from species at high (coldtemperate) latitudes where productivity varies greatly on seasonal scales. Far less is known about energy allocation of juvenile fishes at lower (warm-temperate) latitudes, where growing seasons are longer, periods of low winter resources are shorter, and temporal patterns of productivity are less variable.
Gag (Mycteroperca microlepis; Serranidae) are warm-temperate groupers inhabiting coastal waters in the Gulf of Mexico and western Atlantic Ocean. These long-lived (up to 30 years) fish undergo several ontogenetic habitat shifts (Ross and Moser 1995) (Fig. 1) . Metamorphosing larvae settle in shallow, polyhaline seagrass beds in late spring where they remain for several months until moving onto shallow, offshore reefs in the fall (Keener et al. 1988; Ross and Moser 1995; Koenig and Coleman 1998) . Growth of juvenile gag is rapid during most of their seagrass phase (≥1 mm day −1 ; Ross and Moser 1995; Mullaney and Gale 1996) , possibly due to the combined effects of abundant prey available to them in seagrass (Hemminga and Duarte 2000; Gillanders 2006) , their high ecological efficiency (Adams 1976a) , and their voracious feeding behavior (Adams 1976b; Nelson 1979) . However, growth rates of juvenile gag appear to slow markedly just prior to emigration (Ross and Moser 1995; our observations) . The reasons for the apparent decline in growth rate have never been explicitly examined, but have been attributed to decreased water temperature, early emigration of fast growing individuals, and reduced feeding efficiency (Ross and Moser 1995) .
The first hypothesis that decreasing water temperature may lead to declines in growth rates (Ross and Moser 1995) is based on the well-studied effects of ambient temperature on metabolic rates of poikilotherms (Houlihan et al. 1993) . However, Koenig and Coleman (1998) observed late season declines in growth of juvenile gag from three Florida seagrass beds despite no significant changes in water temperature (range: 28-31°C). We therefore dismiss the temperature hypothesis as an explanation for decreased growth, at least for gag inhabiting coastal regions in the northeastern Gulf of Mexico.
The second hypothesis suggests that reported slowed growth may represent a sampling artifact caused by early emigration of fast growing individuals. Studies documenting declines in growth of late seagrass-stage juvenile gag used cohort-level growth rates to measure the change in mean size of gag between temporally separated sampling events. Within-cohort settlement to seagrass occurs over a relatively short period of time (Fitzhugh et al. 2005) , hence, young-of-year in a local seagrass population are nearly equivalent in age and size. It is also accepted that juvenile gag undergo mass emigration from seagrass meadows to offshore reefs, thus supporting use of cohort-level measurements. However, there is evidence that some individuals move out of the seagrass before the mass emigration (Hastings 1979; Ross and Moser 1995; Koenig and Coleman 1998) . If early emigration occurs and is composed of large (i.e., fast growing) individuals, the use of cohort-level growth rates might be obscured by comparing the mean size of the cohort before loss of large individuals through early emigration (equaling the "inflated" mean size) with the mean size of the remaining cohort after early emigration. This would suggest an apparent rather than actual decline in growth.
The third hypothesis that feeding efficiency of juvenile gag may decrease late in their seagrass stage is based on the observation that productivity, and therefore potential prey availability, declines in the late summer and autumn months. No prior study has directly examined feeding efficiency of juvenile gag relative to changes in growth but our own observations in seagrass meadows in the northeaster Gulf of Mexico suggest that prior to emigration, productivity and potential prey availability are not limiting.
This leads us to the objectives of this study, which were to more carefully examine the second and third hypotheses, and posit a fourth which has not been previously suggested: that energy allocation just prior to egress shifts from growth to storage. Specifically, we ask the following questions: (1) Do growth rates of late seagrass-stage juvenile gag decline relative to their earlier stages? and (2) if declines in growth rates are detected, are they due to changes in feeding efficiency, energy allocation, or both?
Methods

Field sampling
We conducted this study on the West Florida Shelf within three seagrass beds of St. George Sound near the Florida State University Coastal and Marine Laboratory (FSUCML; Fig. 2 ). All three sites were similar in that they were shallow, polyhaline, and continuous seagrass beds composed of turtle grass (Thalassia testudinum), manatee grass (Syringodium filiforme), and shoalgrass (Halodule wrightii) (Koenig and Coleman 1998) .
Juvenile gag were collected using a 5 m otter trawl towed for 150 m at a standard rate of 1.8 km h −2 .
Collections occurred at 1 week to 2 week intervals from May through October 1991, encompassing roughly the entire seagrass stage for juvenile gag. Stomach analyses indicated juvenile gag in seagrass beds feed at consistently high rates during daylight hours compared to nocturnal ones, so sampling was restricted to diurnal periods. Upon capture, gag were measured for standard length, placed on ice, and immediately brought back to the FSUCML.
Growth
We determined growth rates of juvenile gag from standard length-at-age data. Ages were determined using lapilli otoliths from 149 individuals ranging in size from 29 mm to 215 mm, with collections of smaller individuals occurring early in the season and larger ones occurring late in the season (i.e., variation in individual sizes at time t did not reflect the full range of sizes observed across collection events). Otoliths were removed from fish, polished, and increment counts made using a compound microscope. We added six increments to the total count for each otolith because lapilli in gag underestimate ages derived from sagittae by 4 days and increment deposition begins 2 days to 3 days after fertilization (following Brothers and McFarland 1981; Keener et al. 1988) . We assumed that increments formed daily. We used three different functions to model cohortlevel growth: (1) ordinary least squares regression (SL∼age; R lm package), assuming linear growth over the juvenile stage, (2) the nonlinear Gompertz function [SL∼lo * exp(g * (1−exp(-k * age))) (Ricker 1975) ; R nls package], which models change as a gradual transition from fast to asymptotic growth and is commonly used for juvenile stages of fishes, and (3) piecewise regression [(SL∼(age<BREAK) * age+ (age≥BREAK) * age); R lm package], which models changes in growth as two linear functions separated by a breaking point. The break is chosen objectively as the value that produces the minimum deviance (Crawley 2007) . Although less conventional than other functions (e.g., Gompertz, von Bertalanffy), the bi-phasic piecewise regression models provide more parsimonious descriptions of various metabolic, energetic, and ecological processes-including growth in fish. This is supported by a growing body of theoretical (Quince et al. 2008a ) and empirical (Post and Lee 1996; Post and Parkinson 2001; Quince et al. 2008b; Samhouri et al. 2009 ) literature. Furthermore, piecewise regression provides a convenient method for calculating the change in growth rate (indicated by the change in slope coefficients) and the age at which growth slows (indicated by the value of the independent variable at slope flexure), thereby allowing us to determine whether the change in growth coincided with an increase in energy allocation to storage (see below: "Energy allocation"). The two linear regression models (single slope versus double slope) were compared using a nested F-test and all three models were compared using Akaike's Information Criterion (AIC).
Feeding efficiency
To determine whether feeding rates of juvenile gag declined with size, we examined the stomach contents of 456 individuals across seven 25-mm size classes (25-200 mm SL). We examined emptiness and fullness as Fig. 2 Study sites in the northeastern Gulf of Mexico two metrics of feeding efficiency. For the emptiness metric, stomachs were scored with a binary response (i.e., empty versus not empty). We used logistic regression to test whether the proportions of empty stomachs increased with larger size classes of juvenile gag. For the fullness metric, stomachs were visually scored on a scale of 0 (empty) to 3 (100% full). ANOVA was used to determine whether stomach fullness decreased with increasing size classes (fixed factor) of gag. In addition, all prey items found in the stomachs were identified to lowest taxonomic level and counted.
Energy allocation
The declines in growth rates previously documented for juvenile gag occurred in the late summer months. We therefore collected juvenile gag across a broad size range (80-199 mm SL) from mid-summer through fall, encompassing the period before, during, and after reported periods of slowed growth to examine the relationship between growth and storage. The liver functions as a primary site of energy stores in fishes (Shul'man 1974; Clements and Raubenheimer 2006), which we confirmed in juvenile gag by measuring lipid concentrations (following methods of Bligh and Dyer 1959) in five tissues: (1) anterior soma (from the base of the first dorsal fin forward), (2) middle soma (from the base of the spiny dorsal posterior to the end of the soft dorsal), (3) posterior soma (from the end of the soft dorsal to the end of the caudal fin), (4) viscera, and (5) liver. Lipid concentrations in the liver were over two to three times that in the other tissues. We therefore measured the hepatosomatic index (liver mass/body mass * 1000) of juvenile gag to estimate the relative contribution of energy to storage (Fahraeus-Van Ree and Spurrell 2003; Berkeley et al. 2004; Sopinka et al. 2009 ). Using the index required the assumption that an increase in liver size when corrected for body size reflects an increase in energy stores for juvenile gag. Upon capture, the stomachs and livers were removed and the wet mass (g) of each gag was measured. The livers were freeze dried and weighed. Similar to our tests with growth, we wanted to examine whether the hepatosomatic index values increased for larger juvenile gag compared to smaller (younger) individuals. We therefore compared a two-slope versus a single-slope regression (Crawley 2007) .
Results
Growth of juvenile gag displayed a biphasic pattern (Fig. 3a) break between slopes (i.e., at age 130 days) were approximately 140 mm SL (mean SL 126-129 days old = 139.7 mm; min SL=127 mm; max SL=150 mm). The Gompertz model reflected a gradual deceleration in growth with the transition occurring at an earlier age (74 days) than the piecewise regression (Fig. 3b) . However, piecewise regression provided considerable improvement over the Gompertz growth function (AIC= 1244.06). Of 456 stomachs examined, 127 (28%) were empty. Importantly, neither degree of stomach fullness (ANOVA F 1,476 =1.82, P=0.18) nor whether a stomach was empty (logistic regression χ 2 =0.93, P=0.34) was related to the size of juvenile gag, indicating that feeding rates did not decline in older juveniles (Table 1) . Gag fed primarily on shrimp and fish during their seagrass-associated stage (Fig. 4) . Small arrow shrimp (Tozeuma carolinensis; average individual biomass=0.037 g) dominated numerically, especially for smaller gag (∼89% of the diet of juveniles 25-149 mm SL; 58% for juveniles 150-200 mm SL). Pink shrimp (Farfantepenaeus duorarum; avg. individual biomass=0.48 g) followed, comprising 7% of the diet of fish 25-149 mm SL, and 26% of those 150-200 mm SL. Fish-primarily pinfish (Lagodon rhomboides; avg. individual biomass=4.76 g) and pigfish (Orthopristis chrysoptera; avg. individual biomass=3.25 g)-gained importance in juveniles>150 mm SL. Several shrimp (up to 11 per stomach) were typically found in any one gag stomach whereas dominant fishes were found singly.
The hepatosomatic index (i.e., energy storage) of juvenile gag increased at approximately the same size (i.e., in fish∼140 mm SL) and time (i.e., 4 week to 5 weeks prior to egress) that somatic growth rate decreased. Once again, the piecewise regression (standard residual error=0.65; r 2 =0.49; AIC=87.25) better described the observed pattern (F 2 =3.62; P= 0.037) than the linear regression with a single slope (standard residual error=0.70; r 2 =0.39; AIC=90.58). Energy storage in juveniles less than 134 mm did not increase relative to body mass. In fact, the hepatosomatic index reflected a marginal decline for the smaller juveniles (b 1 =−0.025, P=0.097) because liver mass remained stable while body mass increased. However, the hepatosomatic index increased sharply for juveniles larger than the break (b 2 =0.016, P= 0.045; Fig. 5 ).
Discussion
We have shown that growth in juvenile gag is fast throughout much of their seagrass phase, but slows sharply prior to egress. These results agree with patterns previously suggested for gag, and verify that the decreased growth was not a sampling artifact affected by early emigration. Slowed growth occurred despite no detectable changes to their environment (i.e., lower water temperature), prey availability, or feeding success. In concert with slowed growth, their hepatosomatic index increased, providing strong support that energy allocation in juvenile gag shifted from growth to storage prior to egress out of seagrass habitats.
Size selective mortality of juvenile fishes often bestows an advantage to larger, faster-growing individuals, in part because smaller fishes can be more susceptible to predation (reviews by Hixon 1991; Sogard 1997) . Consistent with observations from North Carolina (Ross and Moser 1995) and South Carolina (Mullaney and Gale (1996) estuaries, post settlement growth of juvenile gag in the northeastern Gulf of Mexico is remarkably fast (i.e., >1.4 mm d −1 ).
It is certainly faster than that of other groupers that achieve similar terminal sizes (e.g., Nassau Grouper, (Matheson et al. 1986) ). 1 Fast growth may explain gag's high survival rate during the seagrass phase (Koenig and Coleman 1998) despite high abundances of potential predators observed in the same area as the current study (e.g., paralichthyids (CD Stallings, unpublished data), carcharhinids (RD Grubbs, unpublished data)). The relatively low percentage of empty stomachs we observed indicates juvenile gag may feed at a constant rate, thus facilitating the observed growth. In addition to outpacing size-dependent predation, achieving a large size presents juvenile fishes other benefits. For example, it may provide new dietary and feeding opportunities (Persson et al. 1996) . Indeed, the diet of gag shifted from numerous small prey items (e.g., hippolytid shrimps) to fewer, large prey (e.g., penaeid shrimps, fishes). This transition in diet coincides with a general increase in caloric densities of their prey (Wissing et al. 1973) . The combined effects of a shift to piscivory and concomitant change in feeding strategy from actively searching to the more energetically efficient sit-and-wait strategy commonly results in a pronounced increase in size (Olson 1996; Mittelbach and Persson 1998; Post 2003) . However, with juvenile gag, the shift coincided with decreased somatic growth as demonstrated by the Gompertz and piecewise regression models. Although both models provided compelling evidence for decelerating growth, our goal was not necessarily to provide coefficient estimates so much as it was to examine relative energy allocation between soma and storage. As such, piecewise regression provided a more straightforward method to examine an ecological process; it indicated that when growth slowed, both liver size and hepatosomatic index increased. Assuming the liver serves as the primary location of energy storage for juvenile gag-as indicated by our lipid measurements across several tissues-these patterns suggest energy allocation was diverted from growth to storage.
Organisms store fat to offset energetically expensive physiological requirements, such as reproduction, overwinter survival, and migration (Gosler et al. 1995) . Storage allocation differs from growth, reproduction, and maintenance allocation in having no immediate metabolic demand (i.e., energy is stored at one point in time for metabolic requirements at another). Fat stores at this stage in the gag's life likely have little to do with reproduction. These young, 100-250 mm fish will not mature until they reach 3 years to 4 years of age and are 500-600 mm in length, the implication being that considerable somatic growth will occur after egress and before reaching sexual maturity. We suggest that fat storage at this early stage in the life history is a bet-hedging strategy used in anticipation of food shortages associated with migration and/or winter, serving as insurance for survival in unpredictable environments.
Although we know little about the spatial or temporal trajectories of gag's fall egress, one can reasonably assume that the process of finding suitable Environ Biol Fish (2010) 88:389-398 reef habitat located several to 10's of km offshore of the seagrass beds is an energetically demanding task that may take considerable time to complete. During their offshore migration in the northeastern Gulf of Mexico, juvenile gag move from highly productive seagrass habitats to cross over relatively unproductive sand and mud habitats that provide few prey (reviews by Hemminga and Duarte 2000; Gillanders 2006 ) before arriving at destination reefs. Once on the reefs, they may face additional challenges (e.g., intense predation threat) that could hinder their ability to obtain food, thereby sustaining their dependency on reserves. Lindberg et al. (2006) , for instance, experimentally demonstrated gag select reefs based on shelter rather than food, reinforcing the importance of predator avoidance during their first year. High predator (e.g., sharks, large groupers including adult gag) abundances are common on the reefs (C.D. Stallings, unpublished data) and may force the smaller gag to remain vigilant upon arrival, feeding at reduced rates (e.g., Stallings 2008) . Their initial foraging success may be further compromised by the increased energetic demands of surviving in novel habitats, handling novel prey, and competing with the cohort of conspecifics that arrives on reefs en masse. The individual and synergistic effects of these potential restraints on feeding would require juvenile gag to rely on stored energy for survival.
Fishes in both marine and freshwater systems shift energy allocation from fast growth to storage prior to their first winter (Larson 1991; Schultz and Conover 1997; Hurst and Conover 2003; Sogard and Spencer 2004; Biro et al. 2005) . This strategy allows fish to survive extended periods of food scarcity associated with winter by reaching a size at which their metabolic rates are relatively low and their physiological tolerance to cold temperatures is high (Huss et al. 2008) , while also providing for sufficient energy stores. To our knowledge, evidence for this strategy has been limited to fishes overwintering at coldtemperate, high latitudes where summer growing seasons are short, winters are long and sometimes harsh, and seasonal cycles of productivity have high amplitudes. Energy allocation in young fishes at lower latitudes, where productivity is less variable, has been far less studied. In a 21-month study spanning two consecutive winters, lipid levels neither accumulated nor were depleted in immature Dusky Shiner (Notropis cummingsae) living in warmtemperate rivers (South Carolina, United States), suggesting that resources remained sufficient for growth and maintenance and that lipids were used primarily for reproduction (Schultz 1999) . Although seasonal flux in productivity may be less pronounced at lower latitudes, it is not absent. Indeed, the primary prey of juvenile gag on reefs (e.g., clupeids, haemulids, carangids) become less abundant to absent during the coldest winter months (Lindberg et al. 2006 ). However, other factors beyond productivity dynamics could also influence allocation of energy to storage. Variations in liver lipid concentrations of neotropical fishes were correlated with changing prey concentrations caused by fluctuations in water levels of floodplain rivers (Junk 1985; Arrington et al. 2006 ). On coral reefs, allocation of energy to storage for a pomacentrid increased with depth (Hoey et al. 2007) . Although the authors were not able to directly attribute mechanism, they suggested the pattern may have been due to depth related variation in food and activity level of the fish. All fishes likely endure periods of food scarcity, whether related to changes in productivity associated with winter or due to other temporally-linked processes, and many species undergo ontogenetic niche shifts (Werner and Gilliam 1984) . Therefore we hope this study will encourage increased research on energy allocation dynamics in warm-temperate and tropical fishes. For example, our study has produced several testable hypotheses of how gag utilize energy during their first year. Regular sampling extending from the seagrass phase through the first winter could provide information on the timing and magnitude of energy use. How energy stores are affected by climatic variation, especially relative to periods associated with reductions in food supply (e.g., winter), can be examined spatially by incorporating a range of latitudes where gag are naturally distributed (approximately 20°-35°N; e.g., Schultz and Conover 1997) and temporally across several annual cycles (e.g., Hurst and Conover 2003) . Although logistically challenging, investigating the storage and utilization of energy during offshore migrations could be accomplished by intercepting gag during egress and immediately upon arrival on reefs. These efforts can of course be extended to other fishes and will broaden our understanding of fitness-related selection on species occupying lower latitudes.
